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Abstract
Newly synthesized proteins that reach the last compartment of the Golgi complex can be sorted into pathways leading
either to the cell surface or to the vacuole. It now appears that there are at least two routes from the Golgi to the vacuole: the
‘CPY pathway’, which involves transit through an endosomal/prevacuolar compartment (PVC), and a recently discovered
‘ALP pathway’, which bypasses the PVC, but may involve other as yet unidentified intermediate compartments. No cytosolic
signal has been identified that directs the entry of membrane proteins into the CPY pathway. In contrast, the transport of
ALP through the ALP pathway is saturable and signal mediated. Much recent work has focused on the identification of
proteins that regulate trafficking to the vacuole. A number of genes have been identified that are specific for either the CPY
or ALP sorting pathways, while other genes affect both types of transport and may therefore act at or after a point of
convergence. Progress has also been made in further elucidating the members of the SNARE complexes that act in Golgi-to-
PVC transport as well as those that mediate fusion with the vacuole. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
The yeast vacuole, like the mammalian lysosome,
is an acidic organelle that is responsible for the deg-
radation of macromolecules. It also serves as an im-
portant storage reservoir for amino acids, small ions
and polyphosphates, and is essential for osmoregula-
tion and ion homeostasis. As the ¢nal compartment
in converging transport pathways, the vacuole re-
ceives endocytic tra⁄c from the cell surface, biosyn-
thetic tra⁄c from the Golgi, and material from the
cytoplasm through the process of autophagy (Fig.
1A; for recent reviews see [1^3]).
Simple models of sorting at the late Golgi state
that newly synthesized proteins reaching this com-
partment can be directed into one of two classes of
vesicles: one destined for the cell surface, and anoth-
er for the vacuole. Recent evidence indicates instead
that at least ¢ve distinct types of transport vesicles
bud from the late Golgi compartment in yeast. These
include two separate populations of vesicles that
carry secretory proteins to the surface [4], one that
mediates the retrieval of Golgi enzymes to earlier
Golgi compartments [5], and two di¡erent types of
vesicles that follow separate pathways to the vacuole
[6,7]. Such complexity in sorting at the TGN, once
thought to be restricted to specialized cell types of
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higher eukaryotes, may in fact be a general feature of
vesicular transport from the Golgi in all cells.
More than 45 genes required for Golgi-to-vacuole
protein sorting have been identi¢ed through the iso-
lation of mutants that missort soluble vacuolar pro-
teins (vps, [8^11]), have aberrant vacuolar morphol-
ogy (vam, [12]) or lack vacuolar protease activity
(pep, [13]). The characterization of these gene prod-
ucts has provided some understanding not only of
the sorting machinery, but also of the pathways
and intermediate organelles on the Golgi-to-vacuole
transport pathway. This review will focus on the two
parallel pathways to the vacuole: the CPY pathway,
which carries soluble hydrolases and a number of
membrane proteins to the vacuole via an endosomal
intermediate, and the ALP pathway, a recently de-
¢ned transport pathway for which only two cargo
proteins have so far been identi¢ed. Recent work
suggests that while some VPS genes encode compo-
nents of a SNARE complex that is speci¢c for trans-
port within the CPY pathway, other Vps proteins are
components of a distinct SNARE complex required
for a transport step common to both pathways.
2. The CPY pathway
2.1. Sorting of carboxypeptidase Y to the vacuole
The genetic screens that led to the isolation of the
vps mutants were based on the missorting of carboxy-
peptidase Y (CPY), a soluble vacuolar hydrolase
whose transit through di¡erent intracellular organ-
elles is easily monitored due to a number of compart-
ment speci¢c modi¢cations it receives during biosyn-
thesis [14]. Newly synthesized CPY (preproCPY) is
translocated into the ER, where cleavage of the sig-
nal sequence and N-linked core glycosylation results
in the formation of a 67 kDa, ‘p1’ form of proCPY.
Further oligosaccharide modi¢cations that take place
in the Golgi produce the 69 kDa Golgi form,
p2CPY. Finally, delivery to the vacuole exposes
p2CPY to proteases that cleave the pro region, re-
sulting in the 61 kDa active, mature form of the
enzyme (mCPY).
Early studies made use of these readily identi¢able
forms of CPY to delineate its route to the vacuole.
Since the arrival of CPY at the vacuole is not
blocked in late secretory (sec) mutants [14], we
know that it is sorted away from secretory protein
tra⁄c and into an intracellular pathway to the vac-
uole. Sorting must take place after transport to the
Golgi, because the Golgi-modi¢ed p2 form of CPY is
secreted when the sorting machinery is saturated by
the overexpression of CPY [15]. The CPY propeptide
is su⁄cient to specify vacuolar sorting, and muta-
tional analysis de¢ned the residues ‘Q24RPL27’ as
crucial elements of this sorting signal [16^18]. Point
mutations in the QRPL signal also lead to the secre-
tion of p2CPY. Taken together, these results indicate
that CPY is recognized by a sorting receptor in a
Golgi or post-Golgi compartment and diverted
from the secretory pathway into an intracellular vac-
uolar delivery pathway.
Although the yeast Golgi does not exhibit the clear
stacked cisternal morphology seen in higher eukar-
yotes, it carries out sequential modi¢cations in dis-
tinct compartments that can be separated genetically
and biochemically [19]. Arrival in the early Golgi is
de¢ned by the acquisition of K-1,6-mannose residues,
while a later compartment contains Mnn1p, an K-
1,3-mannosyltransferase. The last de¢nable Golgi
compartment, which is considered to be the function-
al equivalent of the TGN of higher cells, contains the
proteolytic enzymes Kex1p, Kex2p, and Ste13p,
which together process the pro-K-factor mating pher-
omone to its mature form [20^22]. The propeptide of
CPY is su⁄cient to confer vacuolar sorting on the
normally secreted protein invertase [16]. When a
Kex2p cleavage site is introduced between the CPY
propeptide and invertase, the propeptide is cleaved
and invertase is secreted from the cell, indicating that
CPY sorting takes place at or after the Kex2p-con-
taining compartment, which we will refer to as the
TGN [19].
CPY is not delivered directly to the vacuole from
the TGN, but ¢rst reaches a prevacuolar/endosomal
compartment (PVC). In kinetic studies, p2CPY in
transit to the vacuole can be found in a distinct sub-
cellular fraction that has a density intermediate be-
tween that of the Golgi and vacuole [23]. Endocy-
tosed K-factor also colocalizes transiently in this
fraction, but CPY lacking a sorting signal does not,
suggesting that these fractions correspond to an en-
docytic compartment that is also part of the Golgi-
to-vacuole pathway. Other studies have shown that
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alpha factor internalized for di¡erent periods of time
can be found in two distinct intermediates that may
correspond to the early and late endosomes of mam-
malian cells, and that the late endosomes also con-
tain vacuolar proteases [24,25].
Based on these early experiments, a model could
be drawn for the sorting of CPY to the yeast vacuole
(Fig. 1B) that is analogous to the sorting of lysoso-
mal enzymes by the mannose 6-phosphate receptor
(M6PR): CPY is recognized in the TGN by a speci¢c
receptor and delivered to an endosomal compart-
ment that may be similar to the late endosome or
Fig. 1. Transport pathways from the yeast late Golgi to the vacuole. (A) Newly synthesized proteins can be transported to the vacuole
by two di¡erent pathways. Proteins that follow the CPY pathway enter clathrin-coated vesicles at the late Golgi and reach the vacuole
by way of an endosomal/prevacuolar compartment (PVC) that also receives material from the endocytic pathway. Proteins that enter
the ALP pathway are sorted into a distinct class of vesicles at the level of the Golgi; although they reach the vacuole without passing
through the PVC, it is not known if they transit through alternate intermediate compartment(s). ALP and CPY pathways converge at
the vacuole, which also receives material by autophagocytosis. (B) Sorting of CPY. Carboxypeptidase Y (CPY) bound to its receptor
(Vps10p) leaves the late Golgi in clathrin-coated vesicles, which fuse with the PVC. In the PVC, the ligand/receptor complex dissoci-
ates, and CPY is transported to the vacuole while Vps10p recycles to the Golgi to carry out further rounds of sorting.
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prelysosome of mammalian cells. Subsequent analy-
sis of the VPS gene products extended this analogy
with the identi¢cation of a CPY receptor that, like
the M6PR, recycles between the Golgi and an endo-
somal compartment, carrying out multiple rounds of
sorting.
2.2. The CPY sorting receptor Vps10p
In 1994, the CPY sorting receptor was identi¢ed as
the product of the VPS10 gene [26]. Vps10p is a type
I transmembrane protein that can be cross linked to
p2CPY, but not to mCPY or to mutant forms of
CPY that lack a functional QRPL sorting signal.
Cells lacking Vps10p secrete more than 90% of their
CPY, yet have no obvious defects in vacuolar assem-
bly or morphology.
It has only recently been appreciated that CPY is
not the only ligand for Vps10p [27,28]. Strains lack-
ing Vps10p also missort 50^60% of a second soluble
hydrolase, protease A (PrA), and Vps10p can also be
cross linked to native PrA. Furthermore, the propep-
tide of PrA is able to confer vacuolar sorting to in-
vertase, and 90% of the PrA-invertase fusion protein
is secreted in vps10 mutants. Even though the PrA
propeptide does not contain sequences similar to
QRPL, high levels of PrA also cause some missorting
of CPY, indicating that the two proteins may com-
pete for a common binding site. However, a signi¢-
cant fraction of native PrA is correctly sorted in the
absence of Vps10p, so there must be an additional,
VPS10-independent mechanism for PrA sorting.
VTH1 and VTH2 are highly homologous to VPS10
and are capable of suppressing PrA missorting when
overexpressed, but because yeast cells lacking all
three receptor genes (vps10v vth1v vth2v) are still
able to correctly sort a large fraction of PrA, the
VPS10-independent sorting of PrA is probably car-
ried out by an unrelated receptor [27,28].
Interestingly, the fusion of thermodynamically un-
stable mutants of V-repressor protein to invertase
also results in Vps10p-dependent transport of the
fusion protein to the vacuole. In contrast, a similar
fusion protein containing wild-type V-repressor se-
quences is largely secreted from the cell [29]. This,
together with lack of obvious sequence similarity be-
tween the propeptides of CPY and PrA, suggests that
the sorting determinant recognized by Vps10p is not
a speci¢c motif, but instead may be a common sec-
ondary structure, such as a £exible or extended se-
quence, that can also be found in unfolded proteins.
Because CPY is synthesized at a 20-fold greater
rate relative to Vps10p, and the Vps10p lumenal do-
main has been shown to bind p2CPY with a 1:1
stoichiometry in vitro, we can infer that the receptor
must recycle back to the TGN after delivering CPY
[27]. The cytosolic domain of Vps10p contains a ty-
rosine-based signal similar to the sequence implicated
in the recycling of the 46 kDa cation-dependent man-
nose 6-phosphate receptor back to the Golgi [30],
and mutation of this signal results in missorting of
CPY and degradation of Vps10p in the vacuole, con-
sistent with a role in receptor recycling [27,31].
Although Vps10p is often compared to the M6PR
of higher cells, a human protein that bears signi¢cant
homology to Vps10p in its lumenal domain and has
a cytosolic sorting signal similar to that of the M6PR
has recently been identi¢ed. Little is known about
this protein, called sortilin, but it binds a chaper-
one-like protein of the Golgi/ER lumen and at least
partially colocalizes with the M6PR [32,33].
2.3. The exaggerated PVC of class E mutants
Perhaps the most compelling evidence for an endo-
somal/prevacuolar compartment in yeast comes from
a study of the class E VPS mutants. Because genes
with similar mutant phenotypes might be expected to
share similar functions, the many genes required for
vacuolar protein sorting were divided into 6 classes
based on mutant vacuolar morphology [34]. Further
characterization of these genes supports the idea that
this classi¢cation has functional signi¢cance for at
least three groups: class B/C mutants, which have
fragmented vacuoles, class D mutants, which have
a single, large, poorly acidi¢ed vacuole, and class E
mutants, which are described below.
The 13 class E vps mutants all contain a membrane
structure adjacent to the vacuole referred to as the
‘class E compartment’, in which both vacuolar pro-
teins and endocytosed proteins accumulate [34,35].
The most straightforward interpretation of this phe-
notype is that class E genes regulate exit from an
endosomal compartment that receives tra⁄c both
from the Golgi and the cell surface. When transport
from this organelle is blocked, protein and mem-
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brane accumulate in an aberrant organelle that may
be an exaggerated version of the PVC found in wild-
type cells. This model is borne out by a more detailed
analysis of four of the class E genes: vps27, vps2/
ren1, vps28 and vps4 [35^40], and in particular by
the analysis of conditional mutants that permit the
rapid inactivation of a class E Vps protein at high
temperature, so that only the immediate e¡ects re-
sulting from loss of function are followed.
In vps27 null mutants, the vacuolar ATPase sub-
unit Vph1p, the CPY receptor Vps10p, and the en-
docytosed pheromone receptor Ste3p colocalize in a
distinct perivacuolar structure [36]. This class E com-
partment forms rapidly upon shift to the non-permis-
sive temperature in a conditional vps27-ts mutant.
After reversing the defect, Vps10p regains its Golgi
distribution, Ste3p and Vph1p are transported to the
vacuole, and correct sorting of CPY is resumed. Be-
cause the class E compartment forms quickly upon
inactivation of Vps27p and the proteins found there
resume their appropriate transport pathways when
VPS27 function is restored, the class E structure is
thought to correspond to a functional transport in-
termediate. The presence of both Vps10p and CPY
in this structure supports the idea that Vps10p deliv-
ers CPY to an endosomal compartment and that
recycling of the receptor back to the Golgi is blocked
or delayed in vps27 mutants.
When conditional mutants of vps4 are shifted to
the non-permissive temperature, CPY is retained in-
tracellularly in the p2 form, and is only secreted after
a lag time of 10 min [39]. It seems likely that there is
an immediate block in PVC-to-vacuole transport, but
that CPY is secreted only when levels of Vps10p in
the Golgi become too low to allow e⁄cient sorting.
Consistent with this, overexpression of VPS10 sup-
presses the secretion of CPY but not the block in
PVC-to-vacuole transport [36,39]. However, class E
null mutants secrete only about 50% of their newly
synthesized CPY, while mutants containing tailless
forms of Vps10p that are unable to recycle secrete
far more. Therefore, the block in recycling from the
PVC to the Golgi is not complete. It is not known if
yeast have a recycling pathway from the PVC to the
cell surface. Class E mutants are not grossly defective
for internalization from the plasma membrane [37],
yet ren1/vps2 cells accumulate Ste3p on the plasma
membrane as well as in the PVC, suggesting either
that internalization is slowed, or more likely that a
PVC-to-cell surface pathway is functional in these
mutants [35].
By electron microscopy, the class E compartment
appears as a curved stack of cisternal membranes
that label with antibodies to the vacuolar ATPase
[38,39]. Because cells that have mutations in any
one (or even two) of the class E genes have similar
phenotypes, the di¡erent class E gene products may
regulate a single step in transport from the PVC,
perhaps working together in a single complex [38].
Although many of the class E genes have now been
cloned, few show homologies that give some clue to
function. Vps27p has a FYVE ¢nger, a zinc-binding
domain of unknown function that is found in a num-
ber of other endosome/lysosome-associated proteins,
including Vps19p, Fab1p, and EEA1 [41]. Vps4p be-
longs to the family of AAA-type ATPases, and ex-
hibits an NEM-sensitive ATPase activity that is re-
quired for its function [39]. Although two of the best-
studied members of this family, NSF and p97, are
involved in docking/fusion reactions in membrane
transport, other AAA-type ATPases act as chaper-
ones [42], and therefore the role of Vps4p may be to
regulate the ATP-dependent assembly or disassembly
of a putative class E protein complex.
2.4. Recycling of late Golgi membrane proteins
through the PVC
In addition to the vacuolar and endocytic marker
proteins mentioned above, class E compartments
also contain TGN membrane proteins such as
Kex2p and Ste13p [34]. In wild-type cells, cytosolic
tail signals are required for the Golgi localization of
a number of late Golgi membrane proteins, including
Kex2p, Ste13p, Kex1p and Vps10p [22,27,31,43,44].
These signals, which contain critical aromatic amino
acids and resemble sorting signals that control recep-
tor tra⁄cking in mammalian cells, could confer Gol-
gi localization either by preventing exit from the
TGN, or else by allowing retrieval from a post-Golgi
compartment. The presence of late Golgi proteins in
the class E compartment argues in favor of the latter
model.
Recent work provides more direct data that the
aromatic amino acid localization signal mediates re-
trieval from a post-Golgi compartment [45]. Late
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Golgi proteins accumulate in the class E compart-
ment in vps27 mutant cells whether or not they
have an intact localization signal. After restoring
vps27 function, only those proteins with an intact
sorting signal are able to return to the Golgi: point
mutations in the sorting signal (e.g. FCA) result in
transport to the vacuole. In addition, the proteolyti-
cally processed form of a hybrid protein that con-
tains a localization signal is found in the Golgi of
wild-type cells by subcellular fractionation, indicat-
ing that it must be recycling through a post-Golgi
compartment that contains active vacuolar proteases.
The arrival of proteins in the proteolytically active
class E compartment can be used as a measure of the
rate at which they leave the Golgi. In this way, the
cytosolic domain of the type II membrane protein
Ste13p was shown to have an additional signal that
delays its transport from the Golgi: deletion of res-
idues 2^11 decreases the half time of processing in
the class E compartment from 60 to 20 min, a rate of
Golgi-to-PVC transport comparable to that of
Vps10p [45]. Further work will be needed to deter-
mine if this additional signal anchors Ste13p in the
TGN membrane, or whether it allows Ste13p to be
recycled to an earlier Golgi compartment. Interest-
ingly, a similar signal has recently been de¢ned for
the TGN protein Kex2p [46].
The mechanism that allows signal recognition and
recycling of membrane proteins from the PVC back
to the Golgi is not well understood. A number of
genes, including VPS29, VPS30, VPS35, VPS5 and
VPS17, have been implicated in this transport step,
and may encode components of the recycling ma-
chinery [47^49]. Interestingly, Vps5p (which forms a
complex with Vps17p) shows substantial homology
to the mammalian protein SNX1, an endosomal pro-
tein that binds to the cytoplasmic tail of the epider-
mal growth factor receptor (EGFR) and in£uences
its lysosomal sorting [48,49].
2.5. A Golgi-to-PVC SNARE complex
Just as the class E VPS genes have a distinctive
phenotype and are likely to be involved at a common
sorting step, so the members of the class D VPS
genes may act at a single step in transport from the
Golgi to the PVC. Class D mutants have a single
large, round, poorly acidi¢ed vacuole that does not
form the segregation structures required for vacuolar
inheritance, and secrete most of their newly synthe-
sized CPY and a signi¢cant fraction of PrA. By elec-
tron microscopy many of these mutants accumulate
40^60 nm vesicles in the cytoplasm, and therefore
these genes may act at a vesicle consumption step
[34,50^57].
Cloning and sequencing of these genes supports
this idea, since many encode proteins predicted to
be components of a SNARE complex that mediates
the speci¢c docking and fusion of vesicles with their
target membrane (see Table 1 for a list of class D
genes). According to the SNARE hypothesis ([58];
reviewed in [59^61]), the assembly of a SNARE com-
plex speci¢c to a given transport step requires a syn-
aptobrevin-like molecule on the vesicle membrane (v-
SNARE), a syntaxin-like protein on the target mem-
brane (t-SNARE), a SNAP25-like protein, a rab pro-
tein, and a Sec1p-like protein. Complex formation is
regulated by SEC17 and SEC18 (yeast K-SNAP and
NSF, respectively [62,63]), which are required at
many if not all transport steps; the dissociation of
Table 1
Class D VPS genes
Gene Mutant class ORF name ORF size Comments
VPS3 D YDR495c 1011 aa Hydrophilic, membrane-associated protein
VPS6 D YOR036w 288 aa Syntaxin family t-SNARE; PVC localized
VPS8 A or D YAL002w 1176 aa RING-H2 ¢nger
VPS9 D YML097c 451 aa RIN domain; homology to rabex5
VPS15 D YBR097w 1455 aa Protein kinase (bound to Vps34p)
VPS19 D YDR323c 515 aa FYVE ¢nger
VPS21 D YOR089c 210 aa Rab5-like GTPase
VPS34 D YLR240w 875 aa PI-3 kinase; Vps15/34p complex
VPS45 D YGL095c 577 aa Sec1-like protein
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SNARE components is coupled to ATP hydrolysis
by Sec18p. Class D genes predicted to encode
SNARE assembly proteins include Pep12p/Vps6p
(t-SNARE), Vps21p/Ypt51p (rab) and Vps45p
(Sec1p-like) (Fig. 2; [52^55,64]). Recent work has
con¢rmed that Pep12p, Vps45p and Vps19p show
extensive genetic interactions and also associate in
vitro in a SEC18-dependent manner, indicating not
only that Pep12p and Vps45p are part of the same
SNARE complex, but that Vps19p is as well [65].
It is not surprising that Vps21p was not found in
the same class D Vps protein complex. The rab pro-
tein Ypt1p, although shown to be important for the
assembly of speci¢c SNAREs in a similar assay, is
not itself found in the SNARE-containing complex
[66]. Vps21p is a homolog of rab5, which regulates
endosome fusion in mammalian cells; rab5, like
Vps21p, is active in its GTP-bound form yet has a
high intrinsic rate of GTP hydrolysis [67,68]. Two
proteins, rabaptin-5 and rabex-5, are essential for
rab5 activity in an in vitro assay [69,70]. Rabex-5
promotes the exchange of GTP for GDP on rab5,
while rabaptin-5 is recruited by and stabilizes rab5-
GTP. Interestingly, rabex-5 is homologous to Vps9p
(a class D Vps protein), suggesting that Vps9p may
be a GDP/GTP exchange factor for Vps21p [70].
Rabaptin-5 contains coiled-coil motifs but does not
otherwise have an obvious homolog in S. cerevisiae.
Is there an equivalent of rabaptin-5 in yeast? The
membrane association of Vps8p is mediated by
Vps21p, and high levels of Vps21p compensate for
the lack of functional Vps8p, making Vps8p an at-
tractive candidate for a yeast rabaptin-like protein
[68].
Two other class D VPS genes, VPS15 and VPS34,
encode a serine-threonine protein kinase and a phos-
phatidylinositol 3-kinase (PI3K), respectively, whose
catalytic activities are both required for the correct
sorting of CPY [71^73]. A PI3K activity is also
thought to act upstream of rab5 in endosomal fusion
in mammalian cells [74]. The complex formed by
Vps15p and Vps34p has been described extensively
in other reviews, and one model proposes that it
binds the cytosolic domain of Vps10p and subse-
quently initiates coat formation [75]. The evidence
for a role in vesicle formation at the Golgi derives
in part from the phenotype of a conditional vps15-ts
mutant, which initially accumulates p2CPY in an
intracellular compartment that co-fractionates with
Golgi markers, and could re£ect the trapping of
CPY in a budding Golgi vesicle [23,71]. Given the
accumulation of transport vesicles in class D mutants
(including vps15 and vps34 [76]), it is worth consid-
ering that the p2CPY in vps15-ts mutants is instead
present in a vesicular transport intermediate, which is
likely to co-fractionate with Golgi membranes. Fur-
thermore, the Vps10p cytosolic domain is not re-
quired for exit from the Golgi, as a tailless form of
Vps10p leaves the Golgi and is delivered to the PVC
at the same rate as intact Vps10p [45]. Therefore, it
remains possible that the Vps15p/Vps34p complex,
like other class D Vps proteins, is required for the
fusion of transport vesicles with the PVC.
Although all of the known class D VPS genes have
been sequenced, none encodes a predicted v-SNARE.
It now appears that the relevant v-SNARE is the
product of the essential gene VTI1[77]. Depletion
Fig. 2. The class D SNARE complex targets Golgi-derived
transport vesicles to the PVC. In this model, the formation of a
complex between the t-SNARE Pep12p and the v-SNARE
Vti1p is regulated by the Sec1p-like Vps45p, the rab5-like
GTPase Vps21p, Sec18p (yeast NSF), Sec17p (yeast SNAP) and
Vps19p, a protein of unknown function. Two potential Vps21p
regulatory proteins, Vps9p (exchange factor) and Vps8p, may
also be required for assembly of a SNARE complex. Many of
these proteins are encoded by class D VPS genes (see Table 1)
which share common mutant phenotypes.
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of Vti1p from cells by turning o¡ its synthesis ¢rst
results in the secretion of p2CPY from the cell, while
at later time points the cells stop growing and CPY
accumulates inside the cell in its ER- and early Gol-
gi-modi¢ed forms. Vti1p appears to act at two di¡er-
ent transport steps that can be separated by muta-
tion: certain conditional vti1 mutants are defective in
early Golgi transport whereas others exhibit a specif-
ic block in CPY sorting. Overproduction of the cis-
Golgi t-SNARE Sed5p suppresses the early transport
and growth defects of vti1 mutants but not the CPY
sorting defect; conversely, overproduction of the
PVC t-SNARE Pep12p suppresses only the CPY
sorting defects. In vitro, Vti1p binds Pep12p and
Sed5p, and shows genetic and/or physical interac-
tions with additional Golgi SNAREs [77^79]. One
model for the function of Vti1p is that it acts as a
v-SNARE for vesicles originating from the late Gol-
gi, directing forward transport to the Pep12p-con-
taining PVC, as well as retrograde transport to an
earlier, Sed5p-containing Golgi compartment.
Although the class D genes are thought to regulate
Golgi-to-PVC transport, direct evidence has been
provided only recently, when VPS45 was shown to
act before the class E gene VPS27. vps45-ts mutants
accumulate a tailless form of Vps10p (Vps10p-10*),
as well as the V-ATPase subunit Vph1p, in vesicles at
the non-permissive temperature. These marker pro-
teins are predicted to travel directly from the Golgi
to the vacuole without recycling. In vps45-ts vps27-ts
double mutant cells, both Vps10p-10* and Vph1p are
trapped in vesicles and do not reach the class E
compartment, indicating that VPS45 function is re-
quired before that of VPS27[80]. Interestingly,
VPS45 is only required for the fusion of Golgi-de-
rived vesicles (but not endocytic vesicles) with the
PVC, since Ste3p that is internalized from the cell
surface still accumulates in the class E compartment
in these double mutant cells.
3. The ALP pathway
3.1. ALP bypasses the PVC
Although a large number of endocytic, late Golgi
and vacuolar membrane proteins accumulate in an
exaggerated form of the PVC when exit from this
compartment is blocked, early localization data dem-
onstrated that the membrane protein alkaline phos-
phatase (ALP) is correctly localized to the vacuole
even in class E vps mutants [34]. Similarly, studies of
class D VPS genes that mediate the fusion of Golgi-
derived vesicles with the PVC suggested that ALP
transport to the vacuole is una¡ected by these muta-
tions [34,68]. Although other studies did report a
block of ALP processing in some class D vps mu-
tants, this may arise from indirect e¡ects, such as the
depletion of vacuolar proteases, in the null alleles
used [54^56]. Recently, careful analysis of ALP traf-
¢cking in mutants that have conditional defects in
the tra⁄cking into or out of the PVC has demon-
strated that ALP follows an alternative transport
pathway to the vacuole that completely bypasses
the PVC, which we will refer to as the ‘ALP path-
way’.
By inducing synthesis of Vph1p and ALP and si-
multaneously inactivating either vps27-ts or vps45-ts,
Vph1p is rapidly trapped in transport intermediates,
while the appearance of ALP in the vacuole is un-
a¡ected [7]. In a separate study, the vacuolar matu-
ration of ALP was found to be normal in vps45-ts or
pep12-ts cells following a shift to the restrictive tem-
perature, while maturation of the vacuolar mem-
brane protein carboxypeptidase S (CPS) was blocked
[6]. ALP does not reach the vacuole by delivery to
the cell surface followed by endocytosis in these mu-
tants, as transport is not a¡ected by additionally
blocking the late secretory pathway [6,7]. Interest-
ingly, the vacuolar t-SNARE Vam3p (see Section
5) also follows the ALP pathway [7]. Because ALP
is not trapped in the Golgi-derived, 40^60 nm
vesicles that accumulate in a vps45 mutant, it seems
that ALP, Vam3p and perhaps other proteins must
be sorted into a di¡erent class of transport vesicles
that bud from the Golgi.
3.2. Signals for entering the ALP pathway
The discovery that ALP follows an alternative
pathway to the vacuole prompted a re-evaluation
of previously published results. It was demonstrated
in 1993 that a truncated form of ALP lacking all but
three amino acids of its cytosolic tail is trapped in the
class E compartment [22], data we now interpret as
evidence that the cytosolic tail of ALP contains pos-
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itive information that targets it into the ALP path-
way. Domain-swapping and deletion experiments
were used to de¢ne the sorting signal that directs
ALP into the alternative pathway. The cytoplasmic
domain of ALP is su⁄cient for the VPS27-independ-
ent sorting of Dap2p (DPAP B) to the vacuole, con-
¢rming that a sorting signal is indeed present in the
ALP tail. Removal of the ¢rst 21 residues of the ALP
tail has no e¡ect on ALP sorting, whereas deletion of
the ¢rst 31 residues results in VPS27/45-dependent
transport, localizing the signal to the sequence
RPKKRRISKRSK [7]. It appears that two redun-
dant signals may direct ALP sorting: in a separate
study, the ¢rst 16 residues of the ALP tail were able
to confer VPS45-independent sorting to a CPS/ALP
hybrid protein [6]. More detailed mutagenesis studies
will be needed to de¢ne the precise sequence deter-
minants involved.
3.3. An AP-3 adaptor complex is required for sorting
in the ALP pathway
TGN-localized Ste13p is essential for the correct
processing of the K-factor mating pheromone to its
active, mature form. To identify factors that recog-
nize the ALP sorting signal, the tail and transmem-
brane domain of Ste13p were replaced with those of
ALP, resulting in an K-factor maturation defect that
is consistent with delivery of the hybrid protein to
the vacuole [81]. A genetic screen was used to iden-
tify factors that interfere with ALP sorting when
produced at high levels, thus delaying exit of the
fusion protein from the Golgi and restoring K-factor
maturation. The two proteins identi¢ed in this
screen, Apl5p and Apl6p, are homologous to two
subunits of the heterotetrameric AP-3 complex of
mammalian cells [81^86]. Mammalian AP-3 is itself
related to the AP-1 and AP-2 clathrin adaptor com-
plexes that bind the tyrosine-based sorting signals of
receptor molecules and recruit them into clathrin-
coated pits (reviewed in [87,88]). However, mamma-
lian AP-3 does not copurify with clathrin-coated
vesicles and may instead associate with other pro-
teins to form a novel type of vesicle coat.
The four predicted subunits of yeast AP-3 (Apl6p,
Apl5p, Apm3p, and Aps3p) have been independently
isolated in a genetic screen for mutant suppressors of
yeast casein kinase I (yck) mutants and shown to
form a complex [82]. Although the basis for yck sup-
pression is not understood, the AP-3 complex is
clearly required for transport through the ALP path-
way. Deletion of any one subunit delays transport of
ALP to the vacuole without a¡ecting the vacuolar
delivery of CPS or CPY [81,89]. A certain amount
of ALP is diverted into the CPY pathway in AP-3
mutants, since the vacuolar transport of ALP is even
more strongly blocked in apm3 vps45 double mutants
[89]. One model for AP-3 function based on these
data is that the AP-3 complex recognises a sorting
signal in the cytosolic tail of ALP at the TGN, and
recruits it into a distinct class of non-clathrin coated
vesicle; when ALP fails to be sorted into this alter-
native pathway it enters the CPY pathway by de-
fault.
In AP-3 mutants, GFP-tagged ALP is found in
cytoplasmic vesicles and tubules as well as on the
vacuolar membrane. At least some of the ALP is
likely to be accumulating in the Golgi, since most
of the proALP and a signi¢cant portion of Vam3p
cofractionates with Golgi markers, and the observed
hyperglycosylation of proALP suggests an increased
exposure to Golgi-localized glycosyltransferases.
However, Stepp et al. [89] found that the immuno-
localization of the Golgi marker Kex2p is unchanged
in AP-3 mutants while native ALP is found in a
distinct population of small vesicle-like structures.
ALP may be trapped in a subcompartment of the
late Golgi in these cells. Alternatively, ALP could
be accumulating in transport vesicles that have al-
ready budded from the Golgi, but are unable to
fuse with the next compartment. Instead of recognis-
ing the ALP sorting signal at the TGN, AP-3 may
act at a post-Golgi compartment for the recycling of
certain ALP pathway proteins (e.g. SNAREs) back
to the Golgi; in this model, the absence of such
SNAREs from ALP-containing transport vesicles
prevents their subsequent fusion. Because a block
at any part of the ALP pathway, which might in-
clude transport through an as yet unidenti¢ed inter-
mediate compartment(s), could indirectly block sort-
ing at the level of the Golgi, it is premature to
conclude that the AP-3 complex acts at the Golgi
to recruit ALP into budding vesicles.
In mammalian cells, the AP-3 complex is found on
a perinuclear compartment that may correspond to
the TGN as well as on more peripheral, possibly
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endosomal elements, and the immunolocalization of
the yeast AP-3 complex will be useful in de¢ning its
site of action [84^86]. In the yeast two-hybrid system,
both AP-1 and AP-2 adaptor complexes interact with
tyrosine- and dileucine-based sorting signals, and the
demonstrated interaction of mammalian AP-3 with
the tyrosine-based sorting signal of TGN38 indicates
that it may interact with similar motifs [86]. The
cytoplasmic domain of ALP does not contain aro-
matic residues, and a potential dileucine motif is
present in only one of the two regions of the ALP
tail that have been shown to be su⁄cient for sorting
into the ALP pathway. Further work in de¢ning the
sequence requirements for ALP sorting, together
with AP-3 binding, might help to clarify ALP/AP-3
interactions.
It is not known if additional coat proteins associ-
ate with the AP-3 complex to carry out vesicle for-
mation, perhaps ful¢lling the role of clathrin. To
date, the only other protein reported to be preferen-
tially involved in the ALP pathway is Vps41p [6],
which was also identi¢ed in the vam screen as the
product of VAM2 [12]. Vam2/Vps41p can be cross
linked to Vam6/Vps39p, and both proteins are part
of a large, detergent-insoluble complex that, based
on the staining pattern of GFP-tagged Vps39p, is
localized to 1^2 distinct patches on the vacuolar
membrane [90]. The presence of both Vps41p and
Vps39p in the same complex, together with the sim-
ilar phenotypes of vps39 and vps41 mutants, argue
that they share a similar function (see Section 5).
Intriguingly, homologs of Vps41p from a number
of di¡erent species contain a highly conserved se-
quence that is related to a region of clathrin heavy
chain [91]. When we used the pro¢le search program
Searchwise [92] to search the database of yeast ORFs
with an alignment of the conserved region from four
di¡erent Vps41p homologs and clathrin heavy chain
sequences from seven di¡erent species, the four high-
est-scoring matches were found in Vps41p, Chc1p,
Ret1p (K-COP) and Vps39p, which are aligned in
Fig. 3. The presence of a previously unrecognized
motif, shared by clathrin heavy chain and the
COPI coat protein Ret1p/K-COP, in both Vps41p
and Vps39p invites speculation that these two pro-
teins are both part of a novel vesicle coat. In clathrin
heavy chain, this region (aa 1036^1118) corresponds
to a proposed linker sequence (aa 1074^1109) that
contains the major trypsin and chymotrypsin cleav-
age sites, and separates the triskelion hub from the
distal leg/terminal domains [93]. Controlled proteol-
ysis by trypsin does not prevent trimerization, clath-
rin light chain binding or self-assembly (which are
properties of the triskelion hub), but does a¡ect the
binding of the AP180 and AP-2 assembly proteins
[93^96]. Although it is conceivable that the motif
shared by clathrin, K-COP, and Vps41p/Vps39p me-
diates binding to the related coat proteins L-adaptin,
L-COP and Apl6p, respectively, the vacuolar local-
ization as well as the more severe mutant phenotypes
of Vps41p and Vps39p suggests these proteins are
unlikely to associate with AP-3 to mediate sorting
at the Golgi (see Section 5). Instead this conserved
motif may play a more general role in vesicle trans-
port and/or protein structure.
4. Formation of transport vesicles at the yeast late
Golgi
4.1. Sorting into the CPY vs ALP pathway
The list of proteins known to enter the Golgi-
to-PVC transport pathway that we refer to as the
CPY pathway is a long one, and includes Kex2p,
Ste13p/DPAP A, Dap2p/DPAP B, CPS, Vph1p
(i.e. the V-ATPase), Vps10p, CPY, PrA and PrB.
In contrast, only two proteins, ALP and Vam3p,
have currently been identi¢ed as cargo for the ALP
pathway. What determines entry into each of these
pathways?
While transport into the ALP pathway is signal-
mediated, vacuolar transport by the CPY pathway
appears to be by default. Transport to the vacuole
was ¢rst proposed to be the default pathway for
membrane proteins when it was discovered that the
vacuolar delivery of Dap2p (DPAP B) was not af-
fected by removal or replacement of either the cyto-
plasmic, transmembrane or lumenal domains [97].
This default pathway does not involve delivery to
the surface followed by endocytosis, since both
wild-type and mutant forms of Dap2p are trans-
ported to the vacuole in a sec1 strain. Mutation of
the localization signals of resident Golgi or ER mem-
brane proteins also results in their direct transport to
the vacuole [22,44,98] and overproduced proteins do
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Fig. 3. Alignment of conserved regions from Vps41p, Vps39p, clathrin and K-COP. Color coding indicates that the chemical nature of the residues is conserved in
s 50% of sequences. Pink = basic (RKH); yellow = acidic (DE); light blue = aliphatic (AGILV); dark blue = aromatic (FWY); green = amide (NQ). Aromatic residues
are also colored in conserved aliphatic blocks. Species are abbreviated as follows: SC, Saccharomyces cerevisiae ; SP, Schizosaccharomyces pombe ; HS, human; RN,






































not accumulate on the yeast plasma membrane as
they do in mammalian cells [99,100].
Sorting into the ALP pathway appears to be sat-
urable, since overexpression causes a certain fraction
of ALP to reach the vacuole by the CPY pathway
[6]. ALP is also diverted into the CPY pathway in
AP-3 mutants, where the ALP pathway is blocked
[81,89]. Proteins that fail to be selectively transported
to the plasma membrane may also enter the CPY
pathway. The ¢rst evidence that the decision to
send a protein to the surface rather than the vacuole
can be regulated comes from studies of the tra⁄cking
of the general amino acid permease Gap1p in re-
sponse to the available nitrogen source [101]. In glu-
tamate-grown cells, Gap1p is transported directly
from the Golgi to the vacuole, while a shift to urea
medium causes a rapid translocation of an intracel-
lular pool of Gap1p to the cell surface. The sorting
of Gap1p to the plasma membrane is dependent on
the vesicle coat protein Sec13p, and in sec13-1 mu-
tants Gap1p is transported directly to the vacuole
regardless of nitrogen source. Deletion of PEP12 sig-
ni¢cantly increases the amount of Gap1p that
reaches the surface of a sec13-1 mutant, suggesting
that Gap1p not sorted into Sec13p vesicles follows
the CPY pathway to the vacuole by default. Divert-
ing Gap1p to the vacuole may accomplish more than
the degradation of unwanted protein: in glutamate
medium, Gap1p present in the vacuole could help
release stored amino acids into the cytoplasm.
A somewhat similar e¡ect is seen with mutant
forms of plasma membrane proteins such as Pma1p
(the plasma membrane H-ATPase): the mutant
protein does not reach the cell surface, but instead
is degraded by vacuolar proteases, and this can be
partially suppressed by mutations that a¡ect tra⁄c
between the Golgi and PVC [102,103]. In wild-type
cells, Pma1p is transported in the more abundant of
the two classes of secretory vesicles [4]. Misfolded
proteins may be recognized at the late Golgi and
excluded from these secretory vesicles, traveling to
the vacuole by default. Alternatively, misfolded pro-
teins may be recognized as such by an uncharacter-
ized quality control mechanism that targets them for
vacuolar degradation. It may be premature to label
the CPY pathway as the ‘default’ pathway simply
because we have not yet been able to identify cyto-
solic sorting signals. The length and composition of
the transmembrane domain can clearly in£uence the
localization of chimeric membrane proteins to the
plasma membrane or vacuole, although the exact
signals and mechanisms involved are still poorly
understood [104].
4.2. Coat proteins that regulate vesicle budding at the
yeast late Golgi
If proteins that follow the ALP and CPY path-
ways are sorted into separate vesicles at the Golgi,
what proteins regulate vesicle formation? So far,
only two proteins have been clearly implicated in
the formation of Golgi vesicles that carry cargo to
the vacuole: clathrin, and the dynamin-like GTPase
Vps1p (for review see [105]). Inactivation of either
protein results in the missorting of proteins that
would normally follow the CPY pathway into secre-
tory vesicles destined for the cell surface. For exam-
ple, inactivation of a temperature-sensitive clathrin
mutant (chc1-521) leads to the immediate secretion
of CPY and the appearance of the late Golgi mem-
brane proteins Kex2p, Ste13p and Mnn1p at the
plasma membrane, without a¡ecting the distribution
of the early Golgi marker GDPase [106^108]. Even
Golgi membrane proteins that lack tail signals are
missorted to the cell surface in clathrin mutants ^ a
surprising result, because it implicates clathrin in a
‘default’ pathway [109]. In contrast, a small fraction
of ALP can only be detected at the plasma mem-
brane of chc1-521 cells after 2 h or more at the re-
strictive temperature and this low level of missorting
is likely to be an indirect e¡ect of clathrin loss [107].
Whereas clathrin is important for sorting into the
CPY pathway, but not the ALP pathway, the dyna-
min-like protein Vps1p appears to be required for the
formation of both types of Golgi vesicles. In vps1
mutants, both ALP and a late Golgi marker protein
are transported to the cell surface and reach the vac-
uole by endocytosis, since in vps1 cells, but not in
wild-type cells, vacuolar transport of these mem-
brane proteins requires the late secretory genes
SEC4 and SEC1, as well as the early endocytic
gene END4 [110]. An interesting implication of these
data is that Golgi and vacuolar membrane proteins
must be capable of rapid endocytosis from the plas-
ma membrane, and clathrin, but not Vps1p, is re-
quired for this e⁄cient internalization. In fact, a
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clathrin-dependent internalization signal has recently
been identi¢ed in the cytoplasmic domain of Kex2p
[111].
In mammalian cells, dynamin has been proposed
to mediate the scission of clathrin-coated vesicles at
the plasma membrane. The data presented above are
consistent with a model for vesicle formation at the
yeast TGN in which proteins that follow the CPY
pathway enter clathrin-coated vesicles at the TGN,
while ALP is recruited into a distinct type of trans-
port vesicle by AP-3 complexes which do not bind
clathrin, but may associate with as yet unidenti¢ed
coat components. In this model, the dynamin-like
Vps1p is required for the formation (possibly the
scission) of both types of transport vesicles.
5. Fusion with the vacuole: the intersection of the
CPY and ALP pathways
The ALP and CPY transport pathways to the vac-
uole, which diverge at the level of the late Golgi,
appear to converge only at a very late stage in trans-
port: that of fusion with the vacuole (Fig. 1A). De-
fects in ALP maturation are seen in most, if not all,
of the class B/C vps mutants that exhibit a highly
fragmented vacuolar morphology, and most of these
mutants also have either complete or kinetic blocks
in CPY processing. The data outlined below suggests
that a number of these late-acting genes encode com-
ponents of a SNARE complex required for fusion
with the vacuole (see Table 2 and Fig. 4). Many of
the remaining genes, which lack informative homol-
ogies, encode proteins that are part of a very large
vacuole-associated complex that may also be re-
quired for vacuolar fusion.
VAM3 encodes a vacuole-localized t-SNARE,
which seems to be required for the fusion of multiple
transport intermediates with the vacuole [7,112^114].
Autophagosomes, along with a heterogeneous group
of 300^500 nm vesicles, can be seen to accumulate in
the cytoplasm of vam3 mutant cells by electron mi-
croscopy [112]. A vam3-ts mutant, after shift to the
non-permissive temperature, exhibits an immediate
block in the maturation of multiple hydrolases, in-
cluding CPY, PrA, CPS, ALP and API (a marker of
the autophagy-related cytoplasm-to-vacuole path-
way). Over time, mCPY forms by way of an aberrant
processing intermediate, suggesting that the matura-
tion is not taking place in the vacuole. Because
proALP is not processed even slowly in this mutant,
it seems that ALP is trapped in an intracellular com-
partment distinct from that which contains CPY and
PrA [112].
A temperature-sensitive allele of the gene encoding
the Sec1p-like protein Vps33p has similar defects in
both CPY and ALP pathways, and the vam3-ts and
vps33-ts mutations interact genetically, suggesting
that these proteins act as part of the same complex
[112]. Other predicted SNARE-associated proteins
encoded by class B/C genes include Vam7p, which
is distantly related to SNAP-25 [115,116], and the
rab protein Ypt7p [25,117] (Table 2). Clear evidence
that both Vam3p and Ypt7p are required for a mem-
brane fusion step at the vacuole comes from an in
vitro assay that measures the homotypic fusion of
vacuolar membranes [118]. In this assay, vacuoles
puri¢ed from one strain that expresses ALP, but
Table 2
VPS genes exhibiting highly fragmented vacuoles
Gene Mutant class ORF name ORF size Comments
VPS11 C YMR231w 1029 aa Hydrophilic, vacuole-localized, RING-H2 ¢nger
VPS16 C YPL045w 797 aa Hydrophilic, vacuole-localized
VPS18 C YLR148w 918 aa Hydrophilic, vacuole-localized, RING-H2 ¢nger
VPS33 C YLR396c 691 aa Sec1-like protein
VPS39 B YDL077c 1047 aa Hydrophilic, associates with Vps41p on vacuole
VPS41 B YDR080w 992 aa Hydrophilic, associates with Vps39p on vacuole
VPS43 B N/A N/A Not cloned
VAM3 B YOR106w 283 aa Syntaxin family t-SNARE on vacuole membrane
VAM7 B YGL212w 316 aa SNAP-25-like; t-SNARE domain; PX domain
YPT7 B YML001w 208 aa Rab7-like GTPase
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not protease A (PrA), are mixed with isolated
vacuoles from a second strain that expresses PrA,
but not ALP. Vacuolar fusion brings ALP into
contact with PrA, allowing proteolytic processing
of ALP to its mature form. This assay was used to
demonstrate that vacuolar fusion depends on SEC18
and SEC17, as well as the t-SNARE Vam3p and
the rab Ypt7p [114,119,120]. A requirement for
the remaining predicted SNARE-associated proteins,
Vps33p and Vam7p, has not yet been tested in the in
vitro assay.
The four class C mutants, vps11, vps16, vps18 and
vps33, have more extreme defects in vacuolar sorting
and morphology than class B mutants [121^127].
Cells that are completely defective for Vps18p func-
tion missort and secrete the vast majority of CPY,
but although a temperature-sensitive vps18 mutant
shows rapid blocks in the CPY, ALP, and cyto-
plasm-to-vacuole pathways at 38‡C, p2CPY is re-
tained inside the cell and little if any is secreted
[128]. Even after 1.5 h at 38‡C, p2CPY is not se-
creted, K-factor is processed to its mature form,
and vacuolar morphology is normal, suggesting
that vps18-ts mutants block a late stage in transport
and do not immediately perturb the localization of
Golgi membrane proteins or the recycling of Vps10p.
By subcellular fractionation of these cells, marker
proteins of the CPY and ALP pathways can be
found in separate compartments that are distinct
from the vacuole. Therefore, VPS18 must act at or
after the point of convergence of the ALP and CPY
pathways.
By cross linking and co-immunoprecipitation,
Vps18p, Vps11p, Vps16p and Vps33p are found to
be components of a large, detergent-insoluble com-
plex that is at least partly associated with vacuolar
membranes [128]. Both Vps18p and Vps11p contain
RING-H2 zinc ¢nger domains (as do Vps8p and
homologs of Vps41p), a motif found in proteins
that form multimeric complexes and that may be
involved in oligomerization [129,130]. This complex
is likely to contain other as yet unidenti¢ed compo-
nents, since two additional co-precipitating proteins
could be resolved by electrophoresis. Unlike the oth-
er class C proteins, most of Vps33p is present in a
soluble pool, and the association of Vps33p with
Vps18p and Vps11p requires Vps16p. In addition,
genetic interactions were found between VPS18,
VPS16, VPS33, and VAM3 in di¡erent pairwise
combinations. It has been suggested that the class
C protein complex plays a role similar to that of
the multisubunit ‘exocyst’ complex, which regulates
the fusion of secretory vesicles with a restricted re-
gion of the plasma membrane in yeast [131]. The
class C complex may similarly regulate fusion with
the vacuole by stabilizing a SNARE complex con-
taining Vam3p, Ypt7p and Vam7p (Fig. 4).
Fig. 4. The fusion of multiple transport intermediates with the
vacuole is directed by SNARE complexes containing the t-
SNARE Vam3p. Other proteins believed to participate in
SNARE complex formation at the vacuole include Vam7p
(SNAP-25-like), Vps33p (Sec1p-like), Ypt7p (rab), Sec17p and
Sec18p. Fusion also requires a large vacuole-associated protein
complex (containing Vps18p, Vps11p, Vps16p and Vps33p) that
may play a role similar to that of the ‘exocyst’ in targeting fu-
sion events. Other proteins shown in this model, including
Nyv1p (v-SNARE) and a Vps41p/Vps39p complex, are pro-
posed to act speci¢cally in the targeting of ALP-containing
transport intermediates with the vacuolar membrane. See text
for details.
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Such a model assigns nearly all of the known class
B/C genes that have severely fragmented vacuoles to
a role in vacuolar fusion. Interestingly, two of the
three remaining class B proteins, Vps39p and
Vps41p, are also found in a large, detergent-insolu-
ble, vacuole-associated complex with sedimentation
and fractionation properties similar to those of the
class C complex ([90]; see Section 3). A null mutant
of vps41 has fragmented vacuoles, defects in CPY
secretion and ALP maturation, and is allelic to
cvt8, which was isolated in a screen for mutants de-
fective in the cytoplasm-to-vacuole targeting path-
way that transports aminopeptidase I to the vacuole
[90,91,132]. These phenotypes are similar to those
found in the class B/C mutants with demonstrated
roles in vacuolar fusion. Many of the defects seen
in vps41 null mutants are proposed to be an indirect
e¡ect of a block in the ALP pathway, since shifting a
vps41-ts mutant to the non-permissive temperature
results in a rapid block in ALP processing, while
the maturation of CPS and CPY, as well as vacuole
morphology, are largely una¡ected [6]. It is possible
that Vps41p and Vps39p are preferentially required
for the fusion of ALP pathway transport interme-
diates with the vacuole, perhaps acting in associa-
tion with the putative class C SNARE-stabilizing
complex to selectively stabilize the interaction of
the t-SNARE Vam3p with an ALP pathway-speci¢c
v-SNARE.
Synaptobrevin-like molecules (i.e. v-SNAREs) are
conspicuously absent from the known class B/C mu-
tants. Interestingly, Nyv1p is a synaptobrevin-like
protein that is required for the fusion of ALP-con-
taining membranes derived from vam3 mutants in the
homotypic vacuolar fusion assay [114]. However, in
vam3 mutants ALP does not reach the vacuole, but
instead is trapped in transport intermediates distinct
from those that contain CPY and PrA. In this case,
it is likely that the in vitro assay measures the heter-
otypic fusion of a transport intermediate containing
both Nyv1p and ALP with the vacuole. Since the
ALP and CPY pathways diverge at the Golgi, it
seems reasonable to suggest that Nyv1p is a v-
SNARE that is transported via the ALP pathway
and is required for the fusion of ALP transport in-
termediates with the vacuole. Further evidence for
such a role will rely on a more extensive phenotypic
characterization of nyv1 mutants.
6. Conclusions
Our model of protein sorting at the last compart-
ment of the yeast Golgi apparatus is becoming in-
creasingly complex. Just as secretory proteins are
sorted into at least two di¡erent types of vesicles
for transport to the plasma membrane in yeast, so
at least two parallel pathways carry membrane tra⁄c
from the late Golgi to the vacuole. The best charac-
terized vesicular transport pathway to the vacuole,
that used in the receptor-mediated sorting of CPY,
is in many ways similar to the route followed by the
M6PR in mammalian cells. In each case, the receptor
binds a variety of soluble hydrolases in the late Golgi
and enters clathrin-coated vesicles, which are tar-
geted to an endosomal compartment where ligand
is released, while the receptor is recycled to the Gol-
gi.
It is only in the past year that the existence of an
alternative pathway that transports ALP to the vac-
uole has been ¢rmly established. ALP appears to be
sorted by virtue of a cytosolic tail signal into a dis-
tinct class of non-clathrin-coated vesicle at the Golgi,
and reaches the vacuole without passing through the
endosomal compartment where CPY is delivered.
Does an analogous transport pathway operate in
multicellular organisms? Transport through this al-
ternative pathway in yeast requires AP-3, a protein
complex conserved in higher cells that is related the
AP-1 and AP-2 clathrin assembly complexes, but
does not associate with clathrin. Mutation of an
AP-3 subunit in Drosophila (garnet) causes defects
in the formation of the pigment granules that give
the eye its characteristic color [85,133]. A second
gene required for the correct pigmentation of the
£y eye (deep orange) is homologous to the yeast
VPS18 gene, which is involved in the vacuolar fusion
of transport intermediates from both the CPY and
ALP pathways [134]. Because pigment granules, at
least in mammalian cells, are considered to be modi-
¢ed lysosomes, it seems likely that a sorting pathway
similar to the yeast ALP pathway is required for
lysosome biogenesis in higher eukaryotes.
There are many other parallels between transport
in the endosomal pathways of yeast and mammals.
The Vps21p rab5-like GTPase is required for the
fusion of Golgi-derived transport vesicles with an
endosomal compartment, and the recent discovery
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that a mammalian Vps9p homolog is an exchange
factor for rab5 indicates that the machinery that reg-
ulates fusion with endosomal compartments is highly
conserved. In higher cells, rab5 is a marker of early
endosomes whereas rab7 is associated with late endo-
somes. In yeast, the rab7-like GTPase Ypt7p is in-
volved at a later transport step, that of fusion with
the vacuole, and appears to regulate transport out of,
not into, the yeast late endosome [25].
Despite a considerable degree of sequence conser-
vation, not all homologous rab proteins appear to
operate at comparable points in tra⁄cking pathways
(for a discussion see [135]). The di¡erent default des-
tinations for membrane proteins in yeast and mam-
mals also point to fundamental di¡erences in trans-
port processes. Clearly, caution must be used in
making extrapolations, although these apparent dif-
ferences may simply re£ect inaccuracies in our mod-
els of vesicular transport, both in yeast and mam-
mals. Yeast remains a valuable model system for
the study of sorting in the endosomal/lysosomal
pathway. In recent years, considerable progress has
been made in de¢ning the components of SNARE
complexes that operate at two di¡erent sorting steps.
These studies have also uncovered an involvement of
novel SNARE-associated proteins with compart-
ment-speci¢c functions that are still poorly under-
stood. Further study of class E VPS genes should
help uncover the regulatory mechanisms that govern
exit from the endosome. The detailed characteriza-
tion of the 50 or more gene products involved in
vacuolar protein targeting should prove a fruitful
area of research in the coming years.
References
[1] E.W. Jones, G.C. Webb, M.A. Hiller, Biogenesis and func-
tion of the yeast vacuole, in: Molecular biology of the yeast
Saaccharomyces cerevisiae, vol. III, Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, 1997, pp. 363^469.3
[2] N.J. Bryant, T.H. Stevens, Vacuole biogenesis in Saccharo-
myces cerevisiae : protein transport pathways to the yeast
vacuole, Microbiol. Rev. 62 (1998) 230^247.
[3] D.J. Klionsky, Protein transport from the cytoplasm into the
vacuole, J. Membr. Biol. 157 (1997) 105^115.
[4] E. Harsay, A. Bretscher, Parallel secretory pathways to the
cell surface in yeast, J. Cell Biol. 131 (1995) 297^310.
[5] S.L. Harris, M.G. Waters, Localization of a yeast early Gol-
gi mannosyltransferase, Och1p, involves retrograde trans-
port, J. Cell Biol. 132 (1996) 985^998.
[6] C.R. Cowles, W.B. Snyder, C.G. Burd, S.D. Emr, Novel
Golgi to vacuole delivery pathway in yeast: identi¢cation
of a sorting determinant and required transport component,
EMBO J. 16 (1997) 2769^2782.
[7] R.C. Piper, N.J. Bryant, T.H. Stevens, The membrane pro-
tein alkaline phosphatase is delivered to the vacuole by a
route that is distinct from the VPS-dependent pathway,
J. Cell Biol. 138 (1997) 531^545.
[8] J.H. Rothman, T.H. Stevens, Protein sorting in yeast: mu-
tants defective in vacuole biogenesis mislocalize vacuolar
proteins into the late secretory pathway, Cell 47 (1986)
1041^1051.
[9] J.H. Rothman, I. Howald, T.H. Stevens, Characterization of
genes required for protein sorting and vacuolar function in
the yeast Saccharomyces cerevisiae, EMBO J. 8 (1989) 2057^
2065.
[10] V.A. Bankaitis, L.M. Johnson, S.D. Emr, Isolation of yeast
mutants defective in protein targeting to the vacuole, Proc.
Natl. Acad. Sci. USA 83 (1986) 9075^9079.
[11] J.S. Robinson, D.J. Klionsky, L.M. Banta, S.D. Emr, Pro-
tein sorting in Saccharomyces cerevisiae : isolation of mu-
tants defective in the delivery and processing of multiple
vacuolar hydrolases, Mol. Cell Biol. 8 (1988) 4936^4948.
[12] Y. Wada, Y. Ohsumi, Y. Anraku, Genes for directing vac-
uolar morphogenesis in Saccharomyces cerevisiae. I. Isola-
tion and characterization of two classes of vam mutants,
J. Biol. Chem. 267 (1992) 18665^18670.
[13] E.W. Jones, Proteinase mutants of Saccharomyces cerevisiae,
Genetics 85 (1977) 23^33.
[14] T. Stevens, B. Esmon, R. Schekman, Early stages in the
yeast secretory pathway are required for transport of carbox-
ypeptidase Y to the vacuole, Cell 30 (1982) 439^448.
[15] T.H. Stevens, J.H. Rothman, G.S. Payne, R. Schekman,
Gene dosage-dependent secretion of yeast vacuolar carbox-
ypeptidase Y, J. Cell Biol. 102 (1986) 1551^1557.
[16] L.M. Johnson, V.A. Bankaitis, S.D. Emr, Distinct sequence
determinants direct intracellular sorting and modi¢cation of
a yeast vacuolar protease, Cell 48 (1987) 875^885.
[17] L.A. Valls, C.P. Hunter, J.H. Rothman, T.H. Stevens, Pro-
tein sorting in yeast: the localization determinant of yeast
vacuolar carboxypeptidase Y resides in the propeptide, Cell
48 (1987) 887^897.
[18] L.A. Valls, J.R. Winther, T.H. Stevens, Yeast carboxypepti-
dase Y vacuolar targeting signal is de¢ned by four propep-
tide amino acids, J. Cell Biol. 111 (1990) 361^368.
[19] T.R. Graham, S.D. Emr, Compartmental organization of
Golgi-speci¢c protein modi¢cation and vacuolar protein
sorting events de¢ned in a yeast sec18 (NSF) mutant,
J. Cell Biol. 114 (1991) 207^218.
[20] C.A. Wilcox, R.S. Fuller, Posttranslational processing of the
prohormone-cleaving Kex2 protease in the Saccharomyces
cerevisiae secretory pathway, J. Cell Biol. 115 (1991) 297^
307.
[21] N.J. Bryant, A. Boyd, Immunoisolation of Kex2p-containing
BBAMCR 14333 5-8-98 Cyaan Magenta Geel Zwart
E. Conibear, T.H. Stevens / Biochimica et Biophysica Acta 1404 (1998) 211^230226
organelles from yeast demonstrates colocalisation of three
processing proteinases to a single Golgi compartment,
J. Cell Sci. 106 (1993) 815^822.
[22] S.F. Nothwehr, C.J. Roberts, T.H. Stevens, Membrane pro-
tein retention in the yeast Golgi apparatus: dipeptidyl ami-
nopeptidase A is retained by a cytoplasmic signal containing
aromatic residues, J. Cell Biol. 121 (1993) 1197^1209.
[23] T.A. Vida, G. Huyer, S.D. Emr, Yeast vacuolar proenzymes
are sorted in the late Golgi complex and transported to the
vacuole via a prevacuolar endosome-like compartment,
J. Cell Biol. 121 (1993) 1245^1256.
[24] B. Singer, H. Riezman, Detection of an intermediate com-
partment involved in transport of alpha-factor from the plas-
ma membrane to the vacuole in yeast, J. Cell Biol. 110
(1990) 1911^1922.
[25] F. Schimmoller, H. Riezman, H. Wichmann, L. Hengst, D.
Gallwitz, Involvement of Ypt7p, a small GTPase, in tra⁄c
from late endosome to the vacuole in yeast, J. Cell Sci. 106
(1993) 823^830.
[26] E.G. Marcusson, B.F. Horazdovsky, J.L. Cereghino, E.
Gharakhanian, S.D. Emr, The sorting receptor for yeast
vacuolar carboxypeptidase Y is encoded by the VPS10
gene, Cell 77 (1994) 579^586.
[27] A.A. Cooper, T.H. Stevens, Vps10p cycles between the late-
Golgi and prevacuolar compartments in its function as the
sorting receptor for multiple yeast vacuolar hydrolases,
J. Cell Biol. 133 (1996) 529^541.
[28] V. Westphal, E.G. Marcusson, J.R. Winther, S.D. Emr, H.B.
van den Hazel, Multiple pathways for vacuolar sorting of
yeast proteinase A, J. Biol. Chem. 271 (1996) 11865^11870.
[29] E. Hong, A.R. Davidson, C.A. Kaiser, A pathway for tar-
geting soluble misfolded proteins to the yeast vacuole, J. Cell
Biol. 135 (1996) 623^633.
[30] C. Schulze-Garg, C. Boker, S.K. Nadimpalli, K. von Figura,
A. Hille-Rehfeld, Tail-speci¢c antibodies that block return of
46,000 M(r) mannose 6-phosphate receptor to the trans-Gol-
gi network, J. Cell Biol. 122 (1993) 541^551.
[31] J.L. Cereghino, E.G. Marcusson, S.D. Emr, The cytoplasmic
tail domain of the vacuolar protein sorting receptor Vps10p
and a subset of VPS gene products regulate receptor stabil-
ity, function, and localization, Mol. Biol. Cell 6 (1995) 1089^
1102.
[32] C.M. Petersen, M.S. Nielsen, A. Nykjaer, L. Jacobsen, N.
Tommerup, H.H. Rasmussen, H. Roigaard, J. Gliemann, P.
Madsen, S.K. Moestrup, Molecular identi¢cation of a novel
candidate sorting receptor puri¢ed from human brain by
receptor-associated protein a⁄nity chromatography, J. Biol.
Chem. 272 (1997) 3599^3605.
[33] B.Z. Lin, P.F. Pilch, K.V. Kandror, Sortilin is a major pro-
tein component of Glut4-containing vesicles, J. Biol. Chem.
272 (1997) 24145^24147.
[34] C.K. Raymond, I. Howald-Stevenson, C.A. Vater, T.H. Ste-
vens, Morphological classi¢cation of the yeast vacuolar pro-
tein sorting mutants: evidence for a prevacuolar compart-
ment in class E vps mutants, Mol. Biol. Cell 3 (1992) 1389^
1402.
[35] N.G. Davis, J.L. Horecka, G.F. Sprague Jr., Cis- and trans-
acting functions required for endocytosis of the yeast pher-
omone receptors, J. Cell Biol. 122 (1993) 53^65.
[36] R.C. Piper, A.A. Cooper, H. Yang, T.H. Stevens, VPS27
controls vacuolar and endocytic tra⁄c through a prevacuo-
lar compartment in Saccharomyces cerevisiae, J. Cell Biol.
131 (1995) 603^617.
[37] A.L. Munn, H. Riezman, Endocytosis is required for the
growth of vacuolar H(+)-ATPase-defective yeast : identi¢ca-
tion of six new END genes, J. Cell Biol. 127 (1994) 373^386.
[38] S.E. Rieder, L.M. Banta, K. Kohrer, J.M. McCa¡ery, S.D.
Emr, Multilamellar endosome-like compartment accumu-
lates in the yeast vps28 vacuolar protein sorting mutant,
Mol. Biol. Cell 7 (1996) 985^999.
[39] M. Babst, T.K. Sato, L.M. Banta, S.D. Emr, Endosomal
transport function in yeast requires a novel AAA-type ATP-
ase, Vps4p, EMBO J. 16 (1997) 1820^1831.
[40] T.A. Vida, S.D. Emr, A new vital stain for visualizing vac-
uolar membrane dynamics and endocytosis in yeast, J. Cell
Biol. 128 (1995) 779^792.
[41] H. Stenmark, R. Aasland, B.H. Toh, A. D’Arrigo, Endo-
somal localization of the autoantigen EEA1 is mediated by
a zinc-binding FYVE ¢nger, J. Biol. Chem. 271 (1996)
24048^24054.
[42] F. Confalonieri, M. Duguet, A 200-amino acid ATPase
module in search of a basic function, Bioessays 17 (1995)
639^650.
[43] C.A. Wilcox, K. Redding, R. Wright, R.S. Fuller, Mutation
of a tyrosine localization signal in the cytosolic tail of yeast
Kex2 protease disrupts Golgi retention and results in default
transport to the vacuole, Mol. Biol. Cell 3 (1992) 1353^1371.
[44] A. Cooper, H. Bussey, Yeast Kex1p is a Golgi-associated
membrane protein: deletions in a cytoplasmic targeting do-
main result in mislocalization to the vacuolar membrane,
J. Cell Biol. 119 (1992) 1459^1468.
[45] N.J. Bryant, T.H. Stevens, Two separate signals act inde-
pendently to localize a yeast late Golgi membrane protein
through a combination of retrieval and retention, J. Cell
Biol. 136 (1997) 287^297.
[46] J.H. Brickner, R.S. Fuller, SOI1 encodes a novel, conserved
protein that promotes TGN-endosomal cycling of Kex2p
and other membrane proteins by modulating the function
of two TGN localization signals, J. Cell Biol. 139 (1997)
23^36.
[47] M.N. Seaman, E.G. Marcusson, J.L. Cereghino, S.D. Emr,
Endosome to Golgi retrieval of the vacuolar protein sorting
receptor, Vps10p, requires the function of the VPS29,
VPS30, and VPS35 gene products, J. Cell Biol. 137 (1997)
79^92.
[48] S.F. Nothwehr, A.E. Hindes, The yeast VPS5/GRD2 gene
encodes a sorting nexin-1-like protein required for localizing
membrane proteins to the late Golgi, J. Cell Sci. 110 (1997)
1063^1072.
[49] B.F. Horazdovsky, B.A. Davies, M.N. Seaman, S.A.
McLaughlin, S. Yoon, S.D. Emr, A sorting nexin-1 homo-
logue, Vps5p, forms a complex with Vps17p and is required
BBAMCR 14333 5-8-98 Cyaan Magenta Geel Zwart
E. Conibear, T.H. Stevens / Biochimica et Biophysica Acta 1404 (1998) 211^230 227
for recycling the vacuolar protein-sorting receptor, Mol.
Biol. Cell 8 (1997) 1529^1541.
[50] C.K. Raymond, P.J. O’Hara, G. Eichinger, J.H. Rothman,
T.H. Stevens, Molecular analysis of the yeast VPS3 gene and
the role of its product in vacuolar protein sorting and vac-
uolar segregation during the cell cycle, J. Cell Biol. 111
(1990) 877^892.
[51] L.S. Weisman, W. Wickner, Molecular characterization of
VAC1, a gene required for vacuole inheritance and vacuole
protein sorting, J. Biol. Chem. 267 (1992) 618^623.
[52] R.C. Piper, E.A. Whitters, T.H. Stevens, Yeast Vps45p is a
Sec1p-like protein required for the consumption of vacuole-
targeted, post-Golgi transport vesicles, Eur. J. Cell Biol. 65
(1994) 305^318.
[53] C.R. Cowles, S.D. Emr, B.F. Horazdovsky, Mutations in the
VPS45 gene, a SEC1 homologue, result in vacuolar protein
sorting defects and accumulation of membrane vesicles,
J. Cell Sci. 107 (1994) 3449^3459.
[54] B.F. Horazdovsky, G.R. Busch, S.D. Emr, VPS21 encodes a
rab5-like GTP binding protein that is required for the sort-
ing of yeast vacuolar proteins, EMBO J. 13 (1994) 1297^
1309.
[55] K.A. Becherer, S.E. Rieder, S.D. Emr, E.W. Jones, Novel
syntaxin homologue, Pep12p, required for the sorting of lu-
menal hydrolases to the lysosome-like vacuole in yeast, Mol.
Biol. Cell 7 (1996) 579^594.
[56] C.G. Burd, P.A. Mustol, P.V. Schu, S.D. Emr, A yeast pro-
tein related to a mammalian Ras-binding protein, Vps9p, is
required for localization of vacuolar proteins, Mol. Cell Biol.
16 (1996) 2369^2377.
[57] G.C. Webb, J. Zhang, S.J. Garlow, A. Wesp, H. Riezman,
E.W. Jones, Pep7p provides a novel protein that functions in
vesicle-mediated transport between the yeast Golgi and en-
dosome, Mol. Biol. Cell 8 (1997) 871^895.
[58] T. Sollner, S.W. Whiteheart, M. Brunner, H. Erdjument-
Bromage, S. Geromanos, P. Tempst, J.E. Rothman, SNAP
receptors implicated in vesicle targeting and fusion, Nature
362 (1993) 318^324.
[59] S. Ferro-Novick, R. Jahn, Vesicle fusion from yeast to man,
Nature 370 (1994) 191^193.
[60] J.E. Rothman, Mechanisms of intracellular protein trans-
port, Nature 372 (1994) 55^63.
[61] J.C. Hay, R.H. Scheller, SNAREs and NSF in targeted
membrane fusion, Curr. Opin. Cell Biol. 9 (1997) 505^512.
[62] I.C. Gri¡, R. Schekman, J.E. Rothman, C.A. Kaiser, The
yeast SEC17 gene product is functionally equivalent to
mammalian alpha-SNAP protein, J. Biol. Chem. 267
(1992) 12106^12115.
[63] D.W. Wilson, C.A. Wilcox, G.C. Flynn, E. Chen, W.J.
Kuang, W.J. Henzel, M.R. Block, A. Ullrich, J.E. Rothman,
A fusion protein required for vesicle-mediated transport
in both mammalian cells and yeast, Nature 339 (1989)
355^359.
[64] B. Singer-Kruger, H. Stenmark, A. Dusterhoft, P. Philipp-
sen, J.S. Yoo, D. Gallwitz, M. Zerial, Role of three rab5-like
GTPases, Ypt51p, Ypt52p, and Ypt53p, in the endocytic and
vacuolar protein sorting pathways of yeast, J. Cell Biol. 125
(1994) 283^298.
[65] C.G. Burd, M. Peterson, C.R. Cowles, S.D. Emr, A novel
Sec18p/NSF-dependent complex required for Golgi-to-
endosome transport in yeast, Mol. Biol. Cell 8 (1997)
1089^1104.
[66] M. Sogaard, K. Tani, R.R. Ye, S. Geromanos, P. Tempst, T.
Kirchhausen, J.E. Rothman, T. Sollner, A rab protein is
required for the assembly of SNARE complexes in the dock-
ing of transport vesicles, Cell 78 (1994) 937^948.
[67] V. Rybin, O. Ullrich, M. Rubino, K. Alexandrov, I. Simon,
C. Seabra, R. Goody, M. Zerial, GTPase activity of Rab5
acts as a timer for endocytic membrane fusion, Nature 383
(1996) 266^269.
[68] B.F. Horazdovsky, C.R. Cowles, P. Mustol, M. Holmes,
S.D. Emr, A novel RING ¢nger protein, Vps8p, functionally
interacts with the small GTPase, Vps21p, to facilitate soluble
vacuolar protein localization, J. Biol. Chem. 271 (1996)
33607^33615.
[69] H. Stenmark, G. Vitale, O. Ullrich, M. Zerial, Rabaptin-5 is
a direct e¡ector of the small GTPase Rab5 in endocytic
membrane fusion, Cell 83 (1995) 423^432.
[70] H. Horiuchi, R. Lippe, H.M. McBride, M. Rubino, P.
Woodman, H. Stenmark, V. Rybin, M. Wilm, K. Ashman,
M. Mann, M. Zerial, A novel Rab5 GDP/GTP exchange
factor complexed to Rabaptin-5 links nucleotide exchange
to e¡ector recruitment and function, Cell 90 (1997) 1149^
1159.
[71] P.K. Herman, J.H. Stack, S.D. Emr, A genetic and structur-
al analysis of the yeast Vps15 protein kinase: evidence for a
direct role of Vps15p in vacuolar protein delivery, EMBO J.
10 (1991) 4049^4060.
[72] P.K. Herman, J.H. Stack, J.A. DeModena, S.D. Emr, A
novel protein kinase homolog essential for protein sorting
to the yeast lysosome-like vacuole, Cell 64 (1991) 425^437.
[73] P.V. Schu, K. Takegawa, M.J. Fry, J.H. Stack, M.D. Water-
¢eld, S.D. Emr, Phosphatidylinositol 3-kinase encoded by
yeast VPS34 gene essential for protein sorting, Science 260
(1993) 88^91.
[74] G. Li, C. D’Souza-Schorey, M.A. Barbieri, R.L. Roberts, A.
Klippel, L.T. Williams, P.D. Stahl, Evidence for phosphatid-
ylinositol 3-kinase as a regulator of endocytosis via activa-
tion of Rab5, Proc. Natl. Acad. Sci. USA 92 (1995) 10207^
10211.
[75] J.H. Stack, B. Horazdovsky, S.D. Emr, Receptor-mediated
protein sorting to the vacuole in yeast: roles for a protein
kinase, a lipid kinase and GTP-binding proteins, Annu. Rev.
Cell Dev. Biol. 11 (1995) 1^33.
[76] L.M. Banta, J.S. Robinson, D.J. Klionsky, S.D. Emr, Or-
ganelle assembly in yeast : characterization of yeast mutants
defective in vacuolar biogenesis and protein sorting, J. Cell
Biol. 107 (1988) 1369^1383.
[77] G. Fischer von Mollard, S.F. Nothwher, T.H. Stevens, The
yeast v-SNARE Vti1p mediates two vesicles transport path-
ways through interactions with the t-SNAREs Sed5p and
Pep12p, J. Cell Biol. 137 (1997) 1511^1524.
BBAMCR 14333 5-8-98 Cyaan Magenta Geel Zwart
E. Conibear, T.H. Stevens / Biochimica et Biophysica Acta 1404 (1998) 211^230228
[78] V.V. Lupashin, I.D. Pokrovskaya, J.A. McNew, M.G.
Waters, Characterization of a novel yeast SNARE protein
implicated in Golgi retrograde tra⁄c, Mol. Biol. Cell 8
(1997) 2659^2676.
[79] J.C. Holthius, B.J. Nichols, S. Dhruvakumar, H.R. Pelham,
Two syntaxin homologues in the TGN/endosomal system of
yeast, EMBO J. 17 (1998) 113^126.
[80] N.J. Bryant, R.C. Piper, S.R. Gerrard, T.H. Stevens, Tra⁄c
into the prevacuolar/endosomal compartment of Saccharo-
myces cerevisiae : a VPS45-dependent intracellular route and
a VPS45-independent, endocytic route, Eur. J. Cell Biol., in
press.
[81] C.R. Cowles, G. Odorizzi, G.S. Payne, S.D. Emr, The AP-3
adaptor complex is essential for cargo-selective transport to
the yeast vacuole, Cell 91 (1997) 109^118.
[82] H.R. Panek, J.D. Stepp, H.M. Engle, K.M. Marks, P.K.
Tan, S.K. Lemmon, L.C. Robinson, Suppressors of YCK-
encoded yeast casein kinase 1 de¢ciency de¢ne the four sub-
units of a novel clathrin AP-like complex, EMBO J. 16
(1997) 4194^4204.
[83] L.S. Newman, M.O. McKeever, H.J. Okano, R.B. Darnell,
Beta-NAP, a cerebellar degeneration antigen, is a neuron-
speci¢c vesicle coat protein, Cell 82 (1995) 773^783.
[84] F. Simpson, N.A. Bright, M.A. West, L.S. Newman, R.B.
Darnell, M.S. Robinson, A novel adaptor-related protein
complex, J. Cell Biol. 133 (1996) 749^760.
[85] F. Simpson, A.A. Peden, L. Christopoulou, M.S. Robinson,
Characterization of the adaptor-related protein complex,
AP-3, J. Cell Biol. 137 (1997) 835^845.
[86] E.C. Dell’Angelica, H. Ohno, C.E. Ooi, E. Rabinovich,
K.W. Roche, J.S. Bonifacino, AP-3: an adaptor-like protein
complex with ubiquitous expression, EMBO J. 16 (1997)
917^928.
[87] B.M. Pearse, M.S. Robinson, Clathrin, adaptors, and sort-
ing, Annu. Rev. Cell Biol. 6 (1990) 151^171.
[88] M.S. Marks, H. Ohno, T. Kirchhausen, J.S. Bonifacino,
Protein sorting by tyrosine-based signals : adapting to the
Ys and wherefores., Trends Cell Biol. 7 (1997) 124^128.
[89] J.D. Stepp, K. Huang, S.K. Lemmon, The yeast AP-3 com-
plex is essential for the e⁄cient delivery of alkaline phospha-
tase by the alternative pathway to the vacuole, J. Cell Biol.
139 (1997) 1761^1774.
[90] N. Nakamura, A. Hirata, Y. Ohsumi, Y. Wada, Vam2/
Vps41p and Vam6/Vps39p are components of a protein com-
plex on the vacuolar membranes and involved in the vacuo-
lar assembly in the yeast Saccharomyces cerevisiae, J. Biol.
Chem. 272 (1997) 11344^11349.
[91] D.C. Radisky, W.B. Snyder, S.D. Emr, J. Kaplan, Charac-
terization of VPS41, a gene required for vacuolar tra⁄cking
and high-a⁄nity iron transport in yeast, Proc. Natl. Acad.
Sci. USA 94 (1997) 5662^5666.
[92] E. Birney, J.D. Thompson, T.J. Gibson, PairWise and
SearchWise: ¢nding the optimal alignment in a simul-
taneous comparison of a protein pro¢le against all DNA
translation frames, Nucleic Acids Res. 24 (1996) 2730^
2739.
[93] I.S. Nathke, J. Heuser, A. Lupas, J. Stock, C.W. Turck,
F.M. Brodsky, Folding and trimerization of clathrin sub-
units at the triskelion hub, Cell 68 (1992) 899^910.
[94] J.H. Keen, K.A. Beck, T. Kirchhausen, T. Jarrett, Clathrin
domains involved in recognition by assembly protein AP-2,
J. Biol. Chem. 266 (1991) 7950^7956.
[95] J.E. Murphy, J.H. Keen, Recognition sites for clathrin-as-
sociated proteins AP-2 and AP-3 on clathrin triskelia,
J. Biol. Chem. 267 (1992) 10850^10855.
[96] S.H. Liu, M.L. Wong, C.S. Craik, F.M. Brodsky, Regula-
tion of clathrin assembly and trimerization de¢ned using
recombinant triskelion hubs, Cell 83 (1995) 257^267.
[97] C.J. Roberts, S.F. Nothwehr, T.H. Stevens, Membrane
protein sorting in the yeast secretory pathway: evidence
that the vacuole may be the default compartment, J. Cell
Biol. 119 (1992) 69^83.
[98] E.C. Gaynor, S. te Heesen, T.R. Graham, M. Aebi, S.D.
Emr, Signal-mediated retrieval of a membrane protein from
the Golgi to the ER in yeast, J. Cell Biol. 127 (1994) 653^
665.
[99] R.E. Chapman, S. Munro, The functioning of the yeast
Golgi apparatus requires an ER protein encoded by
ANP1, a member of a new family of genes a¡ecting the
secretory pathway, EMBO J. 13 (1994) 4896^4907.
[100] M. Lussier, A.M. Sdicu, T. Ketela, H. Bussey, Localization
and targeting of the Saccharomyces cerevisiae Kre2p/Mnt1p
alpha 1,2-mannosyltransferase to a medial-Golgi compart-
ment, J. Cell Biol. 131 (1995) 913^927.
[101] K.J. Roberg, N. Rowley, C.A. Kaiser, Physiological regu-
lation of membrane protein sorting late in the secretory
pathway of Saccharomyces cerevisiae, J. Cell Biol. 137
(1997) 1469^1482.
[102] A. Chang, G.R. Fink, Targeting of the yeast plasma mem-
brane [H+]ATPase: a novel gene AST1 prevents mislocal-
ization of mutant ATPase to the vacuole, J. Cell Biol. 128
(1995) 39^49.
[103] W. Luo, A. Chang, Novel genes involved in endosomal
tra⁄c in yeast revealed by suppression of a targeting-defec-
tive plasma membrane ATPase mutant, J. Cell Biol. 138
(1997) 731^746.
[104] J.C. Rayner, H.R. Pelham, Transmembrane domain-de-
pendent sorting of proteins to the ER and plasma mem-
brane in yeast, EMBO J. 16 (1997) 1832^1841.
[105] E. Conibear, T.H. Stevens, Vacuolar biogenesis in yeast:
sorting out the sorting proteins, Cell 83 (1995) 513^516.
[106] M. Seeger, G.S. Payne, A role for clathrin in the sorting of
vacuolar proteins in the Golgi complex of yeast, EMBO J.
11 (1992) 2811^2818.
[107] M. Seeger, G.S. Payne, Selective and immediate e¡ects of
clathrin heavy chain mutations on Golgi membrane protein
retention in Saccharomyces cerevisiae, J. Cell Biol. 118
(1992) 531^540.
[108] T.R. Graham, M. Seeger, G.S. Payne, V.L. MacKay, S.D.
Emr, Clathrin-dependent localization of alpha 1,3 manno-
syltransferase to the Golgi complex of Saccharomyces cere-
visiae, J. Cell Biol. 127 (1994) 667^678.
BBAMCR 14333 5-8-98 Cyaan Magenta Geel Zwart
E. Conibear, T.H. Stevens / Biochimica et Biophysica Acta 1404 (1998) 211^230 229
[109] K. Redding, M. Seeger, G.S. Payne, R.S. Fuller, The e¡ects
of clathrin inactivation on localization of Kex2 protease are
independent of the TGN localization signal in the cytosolic
tail of Kex2p, Mol. Biol. Cell 7 (1996) 1667^1677.
[110] S.F. Nothwehr, E. Conibear, T.H. Stevens, Golgi and vac-
uolar membrane proteins reach the vacuole in vps1 mutant
yeast cells via the plasma membrane, J. Cell Biol. 129
(1995) 35^46.
[111] P.K. Tan, J.P. Howard, G.S. Payne, The sequence NPFXD
de¢nes a new class of endocytosis signal in Saccharomyces
cerevisiae, J. Cell Biol. 135 (1996) 1789^1800.
[112] T. Darsow, S.E. Rieder, S.D. Emr, A multispeci¢city syn-
taxin homologue, Vam3p, essential for autophagic and bio-
synthetic protein transport to the vacuole, J. Cell Biol. 138
(1997) 517^529.
[113] Y. Wada, N. Nakamura, Y. Ohsumi, A. Hirata, Vam3p, a
new member of syntaxin related protein, is required for
vacuolar assembly in the yeast Saccharomyces cerevisiae,
J. Cell Sci. 110 (1997) 1299^1306.
[114] B.J. Nichols, C. Ungermann, H.R. Pelham, W.T. Wickner,
A. Haas, Homotypic vacuolar fusion mediated by t- and v-
SNAREs, Nature 387 (1997) 199^202.
[115] Y. Wada, Y. Anraku, Genes for directing vacuolar mor-
phogenesis in Saccharomyces cerevisiae. II. VAM7, a gene
for regulating morphogenic assembly of the vacuoles,
J. Biol. Chem. 267 (1992) 18671^18675.
[116] T. Weimbs, S.H. Low, S.J. Chapin, K.E. Mostov, P. Buch-
er, K. Hofmann, A conserved domain is present in di¡erent
families of vesicular fusion proteins: a new superfamily,
Proc. Natl. Acad. Sci. USA 94 (1997) 3046^3051.
[117] H. Wichmann, L. Hengst, D. Gallwitz, Endocytosis in
yeast : evidence for the involvement of a small GTP-binding
protein (Ypt7p), Cell 71 (1992) 1131^1142.
[118] B. Conradt, J. Shaw, T. Vida, S. Emr, W. Wickner, In vitro
reactions of vacuole inheritance in Saccharomyces cerevi-
siae, EMBO J. 10 (1991) 1741^1748.
[119] A. Haas, D. Scheglmann, T. Lazar, D. Gallwitz, W. Wick-
ner, The GTPase Ypt7p of Saccharomyces cerevisiae is re-
quired on both partner vacuoles for the homotypic fusion
step of vacuole inheritance, EMBO J. 14 (1995) 5258^5270.
[120] A. Mayer, W. Wickner, Docking of yeast vacuoles is cata-
lyzed by the Ras-like GTPase Ypt7p after symmetric prim-
ing by Sec18p (NSF), J. Cell Biol. 136 (1997) 307^317.
[121] V. Dulic, H. Riezman, Characterization of the END1 gene
required for vacuole biogenesis and gluconeogenic growth
of budding yeast, EMBO J. 8 (1989) 1349^1359.
[122] C.A. Woolford, C.K. Dixon, M.F. Manolson, R. Wright,
E.W. Jones, Isolation and characterization of PEP5, a gene
essential for vacuolar biogenesis in Saccharomyces cerevi-
siae, Genetics 125 (1990) 739^752.
[123] R.A. Preston, M.F. Manolson, K. Becherer, E. Weiden-
hammer, D. Kirkpatrick, R. Wright, E.W. Jones, Isolation
and characterization of PEP3, a gene required for vacuolar
biogenesis in Saccharomyces cerevisiae, Mol. Cell Biol. 11
(1991) 5801^5812.
[124] J.S. Robinson, T.R. Graham, S.D. Emr, A putative zinc
¢nger protein, Saccharomyces cerevisiae Vps18p, a¡ects
late Golgi functions required for vacuolar protein sorting
and e⁄cient alpha-factor prohormone maturation, Mol.
Cell Biol. 11 (1991) 5813^5824.
[125] B.F. Horazdovsky, S.D. Emr, The VPS16 gene product
associates with a sedimentable protein complex and is es-
sential for vacuolar protein sorting in yeast, J. Biol. Chem.
268 (1993) 4953^4962.
[126] L.M. Banta, T.A. Vida, P.K. Herman, S.D. Emr, Charac-
terization of yeast Vps33p, a protein required for vacuolar
protein sorting and vacuole biogenesis, Mol. Cell Biol. 10
(1990) 4638^4649.
[127] Y. Wada, K. Kitamoto, T. Kanbe, K. Tanaka, Y. Anraku,
The SLP1 gene of Saccharomyces cerevisiae is essential for
vacuolar morphogenesis and function, Mol. Cell Biol. 10
(1990) 2214^2223.
[128] S. Rieder, S.D. Emr, A novel RING ¢nger protein complex
essential for a late step in protein transport to the yeast
vacuole, Mol. Biol. Cell 8 (1997) 2307^2327.
[129] A.J. Saurin, K.L. Borden, M.N. Boddy, P.S. Freemont,
Does this have a familiar RING?, Trends Biochem. Sci.
21 (1996) 208^214.
[130] C. Inouye, N. Dhillon, J. Thorner, Ste5 RING-H2 domain:
role in Ste4-promoted oligomerization for yeast pheromone
signaling, Science 278 (1997) 103^106.
[131] D.R. TerBush, T. Maurice, D. Roth, P. Novick, The Exo-
cyst is a multiprotein complex required for exocytosis in
Saccharomyces cerevisiae, EMBO J. 15 (1996) 6483^6494.
[132] T.M. Harding, K.A. Morano, S.V. Scott, D.J. Klionsky,
Isolation and characterization of yeast mutants in the cy-
toplasm to vacuole protein targeting pathway, J. Cell Biol.
131 (1995) 591^602.
[133] C.E. Ooi, J.E. Moreira, E.C. Dell’Angelica, G. Poy, D.A.
Wassarman, J.S. Bonifacino, Altered expression of a novel
adaptin leads to defective pigment granule biogenesis in the
Drosophila eye color mutant garnet, EMBO J. 16 (1997)
4508^4518.
[134] S.A. Shestopal, I.V. Makunin, E.S. Belyaeva, M. Ashburn-
er, I.F. Zhimulev, Molecular characterization of the deep
orange (dor) gene of Drosophila melanogaster, Mol. Gen.
Genet. 253 (1997) 642^648.
[135] P. Novick, M. Zerial, The diversity of Rab proteins in
vesicle transport, Curr. Opin. Cell Biol. 9 (1997) 496^504.
BBAMCR 14333 5-8-98 Cyaan Magenta Geel Zwart
E. Conibear, T.H. Stevens / Biochimica et Biophysica Acta 1404 (1998) 211^230230
